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ABSTRACT: It was recently reported that ethanolamine-
functionalized poly(glycidyl methacrylate) (PGEA) possesses
great potential applications in gene therapy due to its good
biocompatibility and high transfection efficiency. Importing
responsivity into PGEA vectors would further improve their
performances. Herein, a series of responsive star-shaped
vectors, acetaled β-cyclodextrin-PGEAs (A-CD-PGEAs) con-
sisting of a β-CD core and five PGEA arms linked by acid-
labile acetal groups, were proposed and characterized as
therapeutic pDNA vectors. The A-CD-PGEAs owned
abundant hydroxyl groups to shield extra positive charges of
A-CD-PGEAs/pDNA complexes, and the star structure could decrease charge density. The incorporation of acetal linkers
endowed A-CD-PGEAs with pH responsivity and degradation. In weakly acidic endosome, the broken acetal linkers resulted in
decomposition of A-CD-PGEAs and morphological transformation of A-CD-PGEAs/pDNA complexes, lowering cytotoxicity
and accelerating release of pDNA. In comparison with control CD-PGEAs without acetal linkers, A-CD-PGEAs exhibited
significantly better transfection performances.
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■ INTRODUCTION

Gene therapy is a promising approach in biomedical field,
where therapeutic genes can be delivered into diseased cells to
cure the diseases caused by genetic abnormalities or defects.1−4

In general, a major challenge in gene therapy is transferring
genes into diseased cells due to lack of efficient biocompatible
vectors. Recently, more attention was paid to nonviral gene
vectors because of their low host immunogenicity, easy
preparation and relative security.5,6 Among them, polycations
have been served as a dominating and promising type of
nonviral gene vectors.7,8 They can bind electronegative pDNA
into complexes, which can be adsorptively endocytosized into
cells followed by releasing pDNA for gene expression.8 It was
reported that polyethylenimine (PEI),9 polyamidoamine
dendrimer,10 poly(2-dimethylamino)ethyl methacrylate
(PDMAEMA),11 and polysaccharide-based polycations12−15

had been used as pDNA carriers. However, most of them
were less biocompatible or inefficient, which gravely limited
their potential applications in clinical trials. Low toxicity and
high efficiency have become important criteria for designing
novel and safe gene carriers.
Shielding extra charges of complexes, which can impair the

effect between polycations and components in cell, is one
powerful method to decrease the cytotoxicity of gene
vectors.16,17 Our group recently discovered that ethanolamine

(EA)-functionalized poly(glycidyl methacrylate) (PGMA)
(denoted as PGEA) possessed good gene delivery behavior in
various cells.17−19 PGEA owns massive flanking hydroxyl
groups for eliminating the adverse effect of extra charges,
making PGEA to be an excellent candidate for fabricating low-
toxic vectors.18−20 Designing a branched structure is deemed a
valid strategy to further improve performance of gene vectors.
Branched vectors can reduce the density of positive charge and
further diminish the damage on cell vitality.21−24 Our recent
work indicated that high-molecular-weight comb-shaped PGEA
vectors displayed much more superior biocompatibility and
transfection behaviors than linear PGEA.25

Introduction of responsivities can impart vectors with specific
ability. They can change their structures or morphologies when
stimulated by glutathione (GSH), salt, or pH inside cell.26−29

The responsive vectors can remain stable outside the cell and
promote the release of pDNA under the intracellular stimulus,
resulting in higher transfection activity and possible lower
cytotoxicity.30−33 β-cyclodextrin (β-CD), as a FDA-approved
cyclic oligosaccharide obtained from starch,28,29 not only can
offer the biocompatible core for constructing star-shaped
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polycations, but also can enhance the ability of membrane
permeation and protect the pDNA in biological media from
nonspecific interactions.15,29,34 In our previous work, a
bioreducible disulfide-linked gene vector, CD-SS-PGEA, was
reported, and it displayed low cytotoxicity and excellent
transfection efficiency.17 However, sensitive disulfide bridges
were extremely weak and prone to breakage under alkaline
environment or heating condition. During our earlier EA-
modification process, disulfide bridges could barely sustain
integrity under fairly mild conditions, but such a mild
modification process was time-consuming and wasted almost
a week. Acid-labile vector is a new focus in recent years, and
diversified acid-labile groups have been incorporated into
vectors, such as imine and ketal groups.28,30−36 These acid-
labile groups can be readily hydrolyzed in acidic endosome of
normal cells (pH 5.5−6.5), especially in endosome of cancer
cells (pH 5.0−5.5). Unlike disulfide bonds, most of acid-labile
groups can remain stable under heating conditions. Compared
with other acid-labile groups, acetal groups can be obtained
from different kinds of hydroxyl groups, such as primary,
secondary, tertiary hydroxyl groups and dihydric alcohol. In
addition, the hydrolytic rate of acetal groups can be easily
manipulated via altering the chemical structure of acetal
groups.28−30

Herein, we put forward novel acid-labile acetal linkers in star-
shaped PGEAs based on biocompatible β-CD cores (Scheme
1). Acetal linkers could remain intact during EA-modification
step and the process could be easily achieved within an hour.
The introduction of acetal linkers was capable to solve the
instability of responsive bridges in sensitive PGEA vectors.
Acetal linkers of the resultant pH-sensitive star PGEA (denoted
as A-CD-PGEA) could be hydrolyzed under acidic endosomal
environment, which was beneficial to the dissociation of pDNA
within cells. A-CD-PGEAs condensed pDNA into compact

complexes with high cellular uptake, and they could change
morphologies in acidic endosome along with hydrolysis of
acetal linkers, culminating in lower cytotoxicity and higher
transfection activity.

■ EXPERIMENTAL SECTION
Materials. β-Cyclodextrin (β-CD, 99%), 2-(vinyloxy)-ethanol (VE,

97%), 2-bromo-2-methylpropionyl bromide (BIBB), triethanolamine
(TEA), pyridinium toluene-4-sulfonate (PPTS, 98%), N,N,N′,N″,N′″-
pentamethyl diethylenetriamine (PMDETA, 99%), copper(I) bromide
(CuBr, 98%), glycidyl methacrylate (GMA, >98%), ethanolamine (EA,
98%) and branched polyethylenimine (PEI, 25 kDa) were obtained
from Sigma-Aldrich Chemical Co. (St. Louis, MO). β-CD was freeze-
dried before use. GMA was distilled under reduced pressure and stored
at −20 °C for use. CuBr was purified by washing with acetic acid and
acetone according the literature.37 Anhydrous N,N-dimethylforma-
mide (DMF) and dichloromethane (DCM) were obtained from a
commercial solvent purification system (Innovative Technology).
COS7 (African green monkey kidney fibroblast cell), C6 (rat C6
glioma cell) and HeLa (cervical cancer cell) cell lines (ATCC,
Rockville, MD), plasmid pRL-CMV (pDNA) encoding Renilla
luciferase (Promega Co. Cergy Pontoise, France) and plasmid
enhanced green fluorescent protein (pEGFP-N1) (BD Biosciences,
San Jose, CA) were used in this work. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), penicillin, and streptomycin
were purchased from Sigma-Aldrich Chemical Co.

Synthesis of 2-Vinyloxyethyl 2-Bromoisobutyrate (VEBB).
VE (8.8 g, 100 mmol) and TEA (12.12 g, 120 mmol) were dissolved in
80 mL of anhydrous CH2Cl2 followed by cooling the solution on an
ice bath for 40 min. Then, 20 mL of CH2Cl2 solution containing BIBB
(25.8 g, 110 mmol) was slowly added, and the reaction system was
allowed to warm to ambient temperature. After 5 h, CH2Cl2 was
condensed and washed with saturated NaCl aqueous solution and
deionized water three times to remove the byproducts. The organic
phase was dried by anhydrous Na2SO4 and condensed to remove the
solvent. VEBB was obtained after drying under vacuum for 2 days
(yield: 22.5 g, 95%).

Scheme 1. Preparation of (A) Acid-Labile and (B) Control PGMA-Based Star Polycations
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Synthesis of Acid-Labile β-CD-Based ATRP Initiator (A-CD-
Br). β-CD (1 g, 0.88 mmol), PPTS (0.5 g, 2 mmol) and anhydrous
DMSO (10 mL) were added to a two-neck round-bottom flask
equipped with a constant-pressure dropping funnel containing VEBB
(3.0 g, 12.6 mmol) in 5 mL of anhydrous DMSO. The reaction system
was purged with argon for 20 min, prior to adding VEBB solution.
After 48 h, excess K2CO3 was added and reaction sustained for another
2 h, meanwhile the color changed from yellow to brown. An amount
of CH2Cl2 was added, and the organics were washed with deionized
water four times. Then the organic phase was dried by anhydrous
Na2SO4 and condensed. The crude product was repurified by
precipitating into hexane three times. A-CD-Br was obtained as a
brown solid after drying under vacuum (yield: 1.6 g, 80%).
Synthesis of Acid-Labile Acetaled β-CD-PGMAs (A-CD-

PGMAs) and Acetaled β-CD-PGEAs (A-CD-PGEAs). A-CD-
PGMAs were prepared in a 25 mL flask containing A-CD-Br initiator
via ATRP using CuBr/PMDETA as catalyst systems at 30 °C. A-CD-
Br (0.1 g, 0.2 equiv), GMA (3 g, 100 equiv), and PMDETA (88 μL, 2
equiv) were added to 5 mL of DMF containing 0.05 mL of highly
purified water. Deoxygenation was implemented 25 min before CuBr

(36 mg, 1 equiv) was added under an inert atmosphere. THF was
added in the flask when the setting time arrived. Copper salts in THF
solution were removed by passing through a short basic alumina
column. Then, colorless THF solutions were concentrated and then
precipitated in excess diethyl ether three times to obtain A-CD-
PGMAs. The yields of A-CD-PGMAs at polymerization time of 0.5, 3,
and 5 min were 0.28, 0.58, and 0.75 g, respectively, after drying under
vacuum.

A-CD-PGEAs were obtained by postmodification with EA. 0.3 g of
A-CD-PGMA and 1.5 mL of EA were added in 6 mL of DMSO
followed by carrying out in an oil bath at 80 °C for 1 h. The crude
products were precipitated into diethyl ether and then dialyzed against
deionized water with dialysis membrane (MWCO, 3500 Da) for 20 h.
A-CD-PGEAs were obtained to be white solids by freeze-drying. In the
meantime, the control β-CD-PGEAs (CD-PGEAs) were also prepared.
CD-PGEAs had similar structures and molecular weights to A-CD-
PGEA counterparts except the acetal groups. The detailed synthetic
process was illustrated in the Supporting Information.

Characterization of Polymers. Bruker DRX-400 NMR spec-
trometer was utilized to obtain 1H and 13C NMR spectra of the

Figure 1. (a, c, e, and f) Typical 1H NMR spectra and (b and d) 13C NMR spectra of the intermediates and resulting polymers: (a and b) VEBB in
CDCl3, (c and d) A-CD-Br in CDCl3, (e) A-CD-PGMA in CDCl3, and (f) A-CD-PGEA in D2O.
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intermediates and resulting polymers. Gel permeation chromatography
(GPC) was used to determine the molecular weights and molecular
weight distribution of A-CD-PGMAs and A-CD-PGEAs. GPC system
(Waters) was equipped with Waters-2414 refractive index detector,
Waters-2487 dual wavelength (λ) UV detector and five Waters
Styragel columns. THF or DMF was used as mobile phase at a flow
rate of 1 mL/min at 25 °C. DMF was used as the eluent for evaluating
A-CD-PGEAs in pH 5.0 acetate buffer. The molecular weights of
polymers were calibrated based on polystyrene standards.
Characterization of Polymer/pDNA Complexes. The detailed

preparation process of polymer/pDNA complexes and characterization
techniques were described in our earlier work.38 We prepared 0.5 mg/
mL pDNA in tris-EDTA (TE) buffer and polymer solutions in highly
purified water (with 10 mM nitrogen concentration) for making
various complexes by mixing different amounts of polymer solution
and pDNA solution homogeneously and further incubating them for
30 min. Formation and stability of the polymer/pDNA complexes
were evaluated by agarose gel electrophoresis in a Sub-Cell system
(Bio-Rad Laboratories). Twenty-two microliters (22 μL) of the A-CD-
PGEA1/pDNA complexes was incubated in pH 5.0 acetate buffer for 4
h to measure the dissociation of pDNA from the complexes upon
hydrolysis.39 DNA bands were photographed by BioDoc-It imaging
system (UVP, Inc.). The diameter and surface charge of complexes
were determined by Zetasizer Nano ZS (Malvern). The morphologies
of complexes before and after hydrolysis were observed on Nanoscope
Multimode III AFM instrument (Veeco, Plainview, NY) in tapping
mode using dry samples on mica.
Cellular Internalization. Cellular internalization was characterized

by fluorescence microscope (Leica DMIL) and flow cytometry (BD
LSR II, BD Biosciences, San Jose, CA). C6 cells were incubated in 24-
well plate at a density of 5 × 104 cells/well for 24 h prior to
transfection. YOYO-1 was used to label pDNA for 2 h before
preparing different complexes. After 4 h of internalized activity, C6
cells were washed with PBS solution for five times and then imaged by
fluorescence microscope. Cell nuclei were labeled by DAPI and
immobilized by MeOH. For flow cytometry assay, C6 cells were
seeded in 6-well plate at a density of 8 × 105 cells/well and cells were
trypsinized for detection after 4 h of internalized activity.
Cell Viability. Cytotoxicity of different polycation/pDNA com-

plexes in COS7, HeLa and C6 cell lines was evaluated by MTT assay
and determined from the six wells in parallel.38 The absorbance of each
well was obtained by UV absorbance at 570 nm and the relative cell-
survival percentages compared to the control (only with pDNA) were
plotted against N/P ratios.
In Vitro Transfection Assay. Plasmid pRL-CMV (pDNA) and

pEGFP-N1 as two kinds of reporter genes were utilized in transfection
studies. Luciferase expression and EGFP expression were obtained for
evaluating the transfection activity of different gene delivery system in
COS7, HeLa, and C6 cell lines.38 Luciferase expression efficiency was
expressed as the protein concentration in the cells determined by
bicinchoninic acid assay (Biorad Lab). The final relative light units per
milligram of cell protein lysate (RLU/mg protein) were plotted against
N/P ratios. EGFP expression was visible by Leica DMIL Fluorescence
Microscope and the transfected cells were quantified by flow
cytometry (BD LSR II, BD Biosciences, San Jose, CA).
Statistical Analysis. All tests were repeated at least three times,

and the final values were expressed as average value (± standard
deviation (SD)). Statistical significance was evaluated by Student’s t
test. P values were set less than 0.05.

■ RESULTS AND DISCUSSION
Preparation of Acid-Labile β-CD-Based Macro-ATRP

Agent (A-CD-Br). As depicted in Scheme 1, A-CD-Br was
synthesized by two steps: (1) synthesis of vinethene-containing
ATRP agent (VEBB) via the reaction of BIBB with VE and (2)
reaction of primary hydroxyl groups of β-CD with VEBB to
produce A-CD-Br. The chemical structure of VEBB and A-CD-
Br were characterized by 1H and 13C NMR spectra (Figure
1(a−d)). The integral area of methyl group (e) was double of

vinyl group (a1, a2, and b) in Figure 1a, manifesting the
vinethene group remained intact and could be modified to be
acid-labile acetal linkers. For A-CD-Br, the peaks of vinyl group
disappeared and the characteristic peaks of acetal group (b, c in
Figure 1c and c, m in Figure 1d) appeared. The peak located at
ca. δ = 1.32 ppm was attributed to the methyl group of acetal
linkers (b, −CH3). The peak located at ca. δ = 1.88 ppm was
associated with methyl group adjacent to quaternary carbon
atom (f, −C(Br)−(CH3)2). The peaks between δ = 3.27−5.20
ppm were attributed to methylene (d, e, −CH2−CH2−),
methyne of acetal linkers (c, -CH−) and carbonhydrate protons
of A-CD-Br (a). Based on the areas of δ = 3.27−5.20 (a, c, d,
and e) and of methyl group adjacent to quaternary carbon atom
(f), the substitution degree of primary hydroxyl groups of CD
was determined to be about 5.0, indicating that one A-CD-Br
possessed 5 initiation sites.

Synthesis of Acid-Labile Star-Shaped Ploycations (A-
CD-PGEAs). The acid-labile star-shaped A-CD-PGMAs were
synthesized via ATRP from the β-CD based macro-ATRP
agent, A-CD-Br. Based on the molar feed ratio [GMA]/[A-CD-
Br]/[CuBr]/[PMDETA] of 100:0.2:1:2, A-CD-PGMAs with
different arm lengths were prepared by using A-CD-Br at 30 °C
by adjusting the polymerization time. As illustrated in Table 1,

the number-average molecular weights (Mn) of A-CD-PGMAs
with polymerization time of 0.5, 3, and 5 min were 0.9 × 104,
1.7 × 104 and 2.6 × 104 g/mol, respectively. According to the
assumption that A-CD-Br possessed five ATRP initiation sites,
the number of repeated GMA units per arm could be calculated
to be 9, 21 and 33, respectively. In addition, the polydispersity
index (PDI) from GPC data was around 1.2−1.42, indicating
that the processes of ATRP were well-controlled. The acid-
labile star-shaped ploycations, A-CD-PGEAs, were prepared via
ring-opening reaction of A-CD-PGMAs with excess EA. EA
functionalization offered one secondary amine group and two
hydroxyl groups in each repeated unit of A-CD-PGEAs. The
secondary amines could provide the positive charges, and the
hydroxyl groups could increase the hydrophilicity of A-CD-
PGEAs.

Table 1. Characterization of the Acid-Labile A-CD-PGMAs
and Control CD-PGMAs

sample
reaction time

(min)
Mn

(g/mol)a PDIa
monomer repeated
units per armb

A-CD-Brc 2.4 × 103 1.07
CD-Brc 1.9 × 103 1.05
A-CD-
PGMA1d

0.5 0.9 × 104 1.31 9

CD-
PGMA1d

0.5 0.87 × 104 1.20 10

A-CD-
PGMA2d

3 1.70 × 104 1.41 21

CD-
PGMA2d

3 1.68 × 104 1.38 21

A-CD-
PGMA3d

5 2.60 × 104 1.34 33

CD-
PGMA3d

5 2.50 × 104 1.32 32

aDetermined from GPC results. PDI = Mw/Mn.
bDetermined from Mn

of polymers and the molecular weights of GMA (142 g/mol), A-CD-
Br (2.4 × 103 g/mol) and CD-Br (1.9 × 103 g/mol). cA-CD-Br or CD-
Br possesses five ATRP initiation sites. dSynthesized using a molar
feed ratio [GMA]/[A-CD-Br or CD-Br]/[CuBr]/[PMDETA] of
100:0.2:1:2 at 30 °C in 5 mL of DMF/H2O (4.95/0.05, v/v).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02733
ACS Appl. Mater. Interfaces 2015, 7, 12238−12248

12241

http://dx.doi.org/10.1021/acsami.5b02733


The chemical structures of A-CD-PGMA and A-CD-PGEA
were determined by 1H NMR. Figure 1e displayed the typical
chemical shifts attributed to GMA: a1, a2 (δ = 4.31, 3.81 ppm,
OCO-CH2-CH−O); b (δ = 3.22 ppm, CH(O)−CH2); c1, c2
(δ = 2.63, 2.84 ppm, CH(O)-CH2); d (δ = 1.75−2.2 ppm,
C(CH3)2−CH2); and e (δ = 0.79−1.16 ppm, C−CH3).
Because of the less contribution of CD core to the overall A-
CD-PGMA, the signals attributed to the carbonhydrate protons
of β-CD (f) became much weaker. The integral area of peaks
a1 and a2 were double that of peak b, manifesting that the
epoxy groups were unaffected in ATRP process. After
modification with EA, the peak (Figure 1e, b) attributed to
epoxide rings of PGMA arms shifted from ca. 3.22 to 3.82−4.44
ppm, meanwhile the peaks (c1 and c2) ascribed to epoxide
rings of PGMA arms changed from ca. 2.84, 2.63 ppm to the
same location at ca. 2.64−2.94 ppm. The integral area of
methylene adjacent to hydroxyl group, h, was half of that of
methylene groups (g, c′) adjacent to secondary amine in Figure
1f, indicating that all of epoxide rings were successfully ring-
opened by EA. Number-average molecular weights of the A-
CD-PGEAs were calculated according to the following
equation: Mn = MA‑CD‑Br + (MGMA + MEA) × n, where Mn,
MA‑CD‑Br, MGMA, and MEA were molecular weights of the A-CD-
PGEAs, A-CD-Br (2.4 × 103 g/mol), GMA (142 g/mol), and
EA (61 g/mol), respectively, and n was the number of repeated
units of corresponding A-CD-PGMAs. So, Mn of the A-CD-
PGEAs were determined to be 1.18 × 104, 2.33 × 104, and 3.61
× 104 g/mol, which correspond to A-CD-PGEA1, A-CD-
PGEA2, and A-CD-PGEA3, respectively.
At the same time, the control CD-PGEAs without acetal

linkers were also prepared to evaluate the benefit of acetal
linkers for gene delivery. As shown in Scheme 1, the control
CD-PGEAs were prepared by ATRP of GMA and further
modified with EA. The initiator CD-Br also had five ATRP
initiation sites. The detailed procedure was described in
Supporting Information. Table 1 illustrated the Mn values of
CD-PGMAs were 0.87 × 104, 1.68 × 104, and 2.50 × 104 g/
mol, respectively, which were similar to those of the
corresponding A-CD-PGMA1, A-CD-PGMA2 and A-CD-
PGMA3, respectively. Likewise, the arm lengths of CD-
PGEAs were similar to those of corresponding A-CD-PGEAs.
That is to say, the CD-PGEAs had semblable physiochemical
properties (except acid-lability) to the acid-labile A-CD-PGEAs
counterparts.
Acid-Lability of A-CD-Br and A-CD-PGEAs. Hydrolysis

easily occurred in acetal groups at acidic environment, such as
acetate buffer and endosome (pH 5.5−6.5) of normal cell,
especially in endosome (pH 5.0−5.5) of cancer cells. Because
A-CD-Br was insoluble in D2O, hydrolysis of the A-CD-Br
under acidic condition was implemented in cosolvent mixture
of DMSO-d6 and D2O containing trace amounts of HCl for
adjusting pH value to 5. As shown in Figure 2a, the peak of
acetal group (1.19 ppm) disappeared completely and peaks of
acetaldehyde group (2.07 and 9.59 ppm) appeared after
hydrolysis. The acid-lability of A-CD-Br may provide
superiority for A-CD-PGEAs on gene delivery.
A-CD-PGEAs were labile under acidic conditions, and the

hydrolytic behavior could be reflected by the decrease of Mn.
The GPC traces of A-CD-PGMA1 and A-CD-PGEA1 before
and after hydrolysis in pH 5.0 acetate buffer are shown in
Figure 2b. The elution curve of A-CD-PGEA1 presented a
slightly left shift compared with that of A-CD-PGMA1. After 8
h of hydrolysis, the elution curve of A-CD-PGEA1 shifted

sharply toward lower molecular weight and the corresponding
PDI value increased from 1.41 to 1.86. This remarkable
decrease of Mn declared that hydrolysis of acetal linkers was
readily performed in acidic environment. Meanwhile, it meant
that A-CD-PGEAs could easily transform their structure and
degrade to be straight-chain PGEA arms in acidic endosome.

Biophysical Characterization of Polymer/pDNA Com-
plexes. Polycationic vectors can bind the negatively charged
pDNA into complexes via electrostatic interaction. In this work,
the formation and stability of the polycation/pDNA complexes
were first evaluated by agarose gel electrophoresis shown in
Figure 3. The gel retardation results confirmed that all A-CD-
PGEAs and CD-PGEAs could completely retard the pDNA at
N/P ratio of 1.5. To confirm the acid-lability of A-CD-PGEAs,
we incubated A-CD-PGEA1/pDNA complexes as the typical
example in acidic condition (pH 5.0 acetate buffer) for 4 h at 37
°C before implementing the electrophoresis assay. It was found
that though A-CD-PGEA1 was protonated, hydrolyzed A-CD-
PGEA1 revealed the weaker DNA binding ability (Figure 3a′).
For hydrolyzed A-CD-PGEA1/pDNA complexes treated with
heparin as the counter polyanion, pDNA was entirely
dissociated from complexes and migrated to positive pole
(Figure 3a″). However, after incubated in pH 5.0 acetate buffer
and treated with heparin, the corresponding control CD-
PGEA1 could still condense pDNA at higher N/P ratio (Figure
3d″). This phenomenon implied that the acid-lability of A-CD-

Figure 2. (a) Typical 1H NMR spectra of A-CD-Br (a1) before and
(a2) after incubated in pH 5 cosolvent mixture of DMSO-d6 and D2O
containing trace amounts of HCl and (b) GPC traces of (green line)
A-CD-PGMA1 and A-CD-PGEA1 (red line) before and (blue line)
after incubated in pH 5.0 acetate buffer solution.
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PGEAs contributed to produce unstable complexes and
facilitate to release pDNA from the complexes.
The features of the polymer/pDNA complexes were also

investigated by dynamic light scattering (DLS) and zeta
potential. Due to their similar structures and molecular weights,
A-CD-PGEA and CD-PGEA condensed pDNA into complexes
with analogous characteristics. Figure 4a showed the diameter
of the complexes was in the range of 100−300 nm. It is well-
known that polycation/pDNA complexes are formed on
account of the entanglement of polymer chains and the
electrostatic interaction between polycations and electro-
negative pDNA. Hence, with the increase of molecular weight
of A-CD-PGEAs and CD-PGEAs, the interaction of entangle-
ment enhanced and the diameter of complexes turned smaller.
Likewise, the electrostatic interaction was also reinforced with
the increase of N/P ratios, therefore tending to form more
compact complexes. Finally, particle sizes of polymer/pDNA
complexes stabilized in the range of 100−200 nm eventually, in
which complexes could readily pass through cell membranes.40

Apart from that, A-CD-PGEA bound genes into the compact
complexes, which can protect genes in extracellular environ-
ment and cytoplasm. Complexes with positive surface charges
are conducive to enter cells via adsorptive endocytosis. As
presented in Figure 4b, zeta potential of complexes at different
N/P ratios owned a net positive surface charge of 10.7−40.25
mV and excess cationic polymer had a faint impact on surface
charges of complexes at higher N/P ratios.
Hydrolysis of acetal groups incorporated into A-CD-PGEAs

would affect the morphologies and sizes of the complexes. The
interaction of entanglement descended along with the
degradation of A-CD-PGEAs, resulting in loose complexes
with larger diameters, which was confirmed by AFM and DLS.
Figure 5 demonstrated the typical transformation of A-CD-
PGEA2/pDNA complexes at the N/P ratio of 15 before and
after treatment with pH 5.0 acetate buffer. Figure 5a displayed
compact and spherical particles with the relatively uniform size

in the range of 100−200 nm, but loose and irregular complexes
appeared (Figure 5b) after treatment in pH 5.0 solution,

Figure 3. Agarose gel electrophoresis of (a−c) A-CD-PGEA/pDNA
and (d−f) CD-PGEA/pDNA complexes at varied N/P ratios, where
A-CD-PGEA1/pDNA and CD-PGEA1/pDNA complexes incubated
in pH 5.0 acetate buffer in the absence (a′ and d′) and presence (a″
and d″) of the counter polyanion, heparin.

Figure 4. (a) Particle sizes and (b) zeta potentials of the complexes at
different N/P ratios.

Figure 5. (a and b) AFM images and (c) particle sizes of A-CD-
PGEA2/pDNA complexes at the N/P ratio of 15 before and after
treatment in pH 5.0 acetate buffer solution for 8 h at 37 °C.
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indicating that acetal linkers of A-CD-PGEA2 fractured. The
mean size of complexes varied along with morphologic change
(from 160 to 270 nm, Figure 5c). This phenomenon implied
that the tight A-CD-PGEA/pDNA complexes changed to be
relative loose nanoparticles after entering acidic endosome.
This morphological transformation declined the binding affinity
between A-CD-PGEA and pDNA, allowing pDNA to release
rapidly. At the same time, hydrolysis of acetal groups and the
“proton sponge effect”, as well as expansion of the complexes,
could cause the increase of osmotic pressure and endosomal

disruption, facilitating endosomal escape of the complexes.
Thus, the resultant loose complexes and rapid endosomal
escape of the complexes could keep the balance between release
and protection of gene during gene transfection process.

Cellular Internalization. Flow cytometry and fluorescence
microscope were used to evaluate the degree of cellular
internalization of different complexes. As previously reported,
the complexes below 300 nm could readily enter the cell.40

Combining with the membrane permeation-enhancing proper-
ties provided by β-CD,15,20 A-CD-PGEA/pDNA complexes

Figure 6. Fluorescent images of C6 cells treated with (a) A-CD-PGEA1/pDNA, (b) A-CD-PGEA2/pDNA, (c) CD-PGEA1/pDNA and (d) CD-
PGEA2/pDNA complexes at the N/P ratio of 25. Green and blue represented pDNA labeled by YOYO-1 and nuclei labeled by DAPI.

Figure 7. Flow cytometry analysis plots of C6 cells treated with (a) A-CD-PGEA1/pDNA, (b) A-CD-PGEA2/pDNA, (c) CD-PGEA1/pDNA, and
(d) CD-PGEA2/pDNA complexes at the N/P ratio of 25. (a, inset) Plot ascribed to the control (untreated) C6 cells.
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were endocytosized into C6 cells to a great extent, as shown in
Figure 6. In addition, compact structure of complexes facilitates
cellular uptake, and thus, compared with A-CD-PGEA1/pDNA
complexes, more pDNA dots were observed in visual field for
A-CD-PGEA2/pDNA complexes. Moreover, on account of
their analogous features, A-CD-PGEA/pDNA and correspond-
ing control CD-PGEA/pDNA complexes exhibited similar
cellular uptake in fluorescence images. Flow cytometry analysis
plots (Figure 7) also confirmed the above results. The
internalization rate of A-CD-PGEA2/pDNA complexes was
higher than A-CD-PGEA1/pDNA complexes. The consistent
quantitative results of A-CD-PGEA/pDNA and control CD-
PGEA/pDNA complexes are also presented in Figure 7. The
higher cellular uptake of complexes provided the possibility of
high gene transfection efficiency.
Cell Viability Assay. Reducing cytotoxicity must be

considered in designing an effective gene delivery. In the
present work, we prepared degradable A-CD-PGEAs by
tailoring star-shaped PGEA and importing hydrolyzable acetal
groups. The interaction of cationic vectors and basic
components (cell membrane and proteins) is an important
cause to cell apoptosis.41 As reported earlier, hydroxyl groups in
the repeat units of PGEAs played an important role in shielding
effect for detrimental excess positive charge.17−20 A-CD-PGEAs
and CD-PGEAs with different molecular weights were much
less toxic than “gold standard” PEI at varied N/P ratios in
COS7, C6, and HeLa cell lines (Figure 8). MTT assay also
exhibited that augment of N/P ratios and molecular weights
elevated cell cytotoxicity, probably due to more redundant
positive charges and stronger interaction with cell components.
At most N/P ratios (particularly higher ratios), A-CD-

PGEA/pDNA complexes showed higher cell viability than
corresponding control CD-PGEA/pDNA counterparts. The
cytotoxicity distinctly decrease when the Mn of vectors happen
to substantially reduce.17−19 A-CD-PGEAs broke into low-
molecular-weight PGEA arms along with fracture of acetal
linkers in acidic endosome, where low-molecular-weight PGEA
arms possessed relevantly lower cytotoxicity, tending to
decrease the harmful interaction. At the highest N/P ratio of
25, the gap of cytotoxicity between A-CD-PGEA/pDNA and its
counterpart was most apparent.
In Vitro Gene Transfection Assay. In vitro gene

transfection efficiency of vectors was investigated by measuring
the expression of luciferase and EGFP in COS7, C6, and HeLa
cells. Figure 9 displays the profile of luciferase expression
mediated by A-CD-PGEAs and CD-PGEAs at varied N/P
ratios compared with that of PEI (25 kDa) at its optimal N/P
ratio of 10 in complete serum media.42 Gene transfection
efficiency was correlated to N/P ratio of complexes and
molecular weight of polycations. Augment of N/P ratio of the
complexes and/or molecular weight of A-CD-PGEAs con-
tributed to formation of the compact complexes (Figure 4a)
but also slightly increased cytotoxicity (Figure 8). The compact
complexes owned higher internalization rates and avoided
degradation of pDNA under intracellular condition. However,
the increasing cytotoxicity could cause cell death and therefore
weakened the transfection activity. As a consequence, with the
increase of N/P ratio, the luciferase expression mediated by
low-molecular-weight A-CD-PGEA1 raised continuously, while
the luciferase expression mediated by A-CD-PGEA2 and A-CD-
PGEA3 presented an increase tendency at the incipient stage,
and then dropped mildly.

Transfection activity of vectors depends on the cellular
uptake and the release of pDNA. High internalization rate is the
premise of high efficiency, and the degree of pDNA release is a
key factor to determine the transfection performance. As
confirmed above (Figure 5), introduction of acetal linkers
enabled A-CD-PGEA/pDNA complexes transform morpholo-
gies, therefore promoting the pDNA dissociation (Figure 3). In
comparison with the control CD-PGEAs, acid-labile A-CD-
PGEAs exhibited more eminent transfection behaviors,
especially at higher N/P ratios (Figure 9). The distinction of
gene transfection efficiency between A-CD-PGEA/pDNA and
CD-PGEA/pDNA complexes was widened as molecular weight
increased. In particular, A-CD-PGEA3 revealed striking differ-
ence in luciferase expression compared with its CD-PGEA3
counterpart at N/P of 25. A-CD-PGEA1 displayed mildly
higher luciferase expression than its counterpart (CD-PGEA1,
1.17× 104 g/mol) due to its inherent low transfection
efficiency. In addition, difference in endosomal pH value of
various cells could affect the transfection activity of acid-labile
vectors,29,30,43−45 so the gap of luciferase expression in diverse
cells were also relied on the discrepant endosomal pH values of
COS7 (normal cells) and C6 or HeLa cells (cancer cells). It is
noted that the optimal transfection efficiency mediated by each

Figure 8. Cell viabilities of polymer/pDNA complexes at different N/
P ratios in (a) COS7, (b) HeLa, and (c) C6 cell lines.
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A-CD-PGEA was significantly higher than that mediated by
PEI.
Furthermore, EGFP expression assay was implemented to

intuitively confirm the benefits of acetal linkers incorporated
into A-CD-PGEAs. Figure 10 (and Figure S4, Supporting
Information) shows the typical images of EGFP expression
mediated by different polycation/pEGFP complexes at the N/P
ratio of 25 (where A-CD-PGEAs and CD-PGEAs had biggest
gap in luciferase expression, Figure 9) in C6 cells. The EGFP
fluorescence signals of A-CD-PGEA/pEGFP transfection
systems were stronger than those of its corresponding control
CD-PGEA/pEGFP complexes. The percentages of EGFP-
positive C6 cells determined by flow cytometry were 12 ± 3%
and 25 ± 6% for A-CD-PGEA1 and A-CD-PGEA2,
respectively, higher than those of corresponding control CD-
PGEA1 (10 ± 3%) and CD-PGEA2 (17 ± 4%). The result
reconfirmed the benefit of acid-labile acetal linkers to gene
transfection, which was in accordance with luciferase expression
assay (Figure 9).

■ CONCLUSION
In conclusion, a series of acid-labile A-CD-PGEA vectors were
successfully prepared via incorporating the acetal bridges into
star-shaped PGMA derivatives. A-CD-PGEAs could condense
pDNA into the compact complexes with high cellular uptake,
providing preconditions for high transfection efficiency. Along
with hydrolysis of acetal linkers in acidic endosome, A-CD-
PGEAs degraded into low toxic PGEA vectors. The
corresponding complexes could be transformed into loose
particles to facilitate pDNA release. Compared with CD-PGEAs
without acetal linkers, A-CD-PGEAs demonstrated significantly
better gene transfection performances. These acetal-labile star-
shaped A-CD-PGEAs would provide useful information for the
design of novel safe and responsive gene vectors.
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